Background-Heart failure is a typical age-associated disease. Although age-related changes of heart are likely to predispose aged people to heart failure, little is known about the molecular mechanism of cardiac aging. Methods and Results-We analyzed age-associated changes in murine heart and the manner in which suppression of the p110␣ isoform of phosphoinositide 3-kinase activity modified cardiac aging. Cardiac function declined in old mice associated with the expression of senescence markers. Accumulation of ubiquitinated protein and lipofuscin, as well as comprehensive gene expression profiling, indicated that dysregulation of protein quality control was a characteristic of cardiac aging. Inhibition of phosphoinositide 3-kinase preserved cardiac function and attenuated expression of the senescence markers associated with enhanced autophagy. Suppression of target of rapamycin, a downstream effector of phosphoinositide 3-kinase, also prevented lipofuscin accumulation in the heart. Conclusions-Suppression of phosphoinositide 3-kinase prevented many age-associated changes in the heart and preserved cardiac function of aged mice. 
H eart failure is a typical age-associated disease and affects primarily people aged Ͼ60 years. 1 The aging heart shows unique physiological and morphological characteristics. [1] [2] [3] The changes that occur with aging in humans include an increase in left ventricular wall thickness, a change in the diastolic filling pattern, an altered heart rhythm, and decreases in the reserve capacity of heart rate and left ventricular contraction on exercise. Prolonged contraction and action potentials, a diminished contraction velocity, and an attenuated ␤-adrenergic response are noted in rodents. The aging pigment lipofuscin accumulates and myocyte cell size increases in the myocardium of humans and animals. Cell death by necrosis or apoptosis and the focal deposition of matrix collagen occur in aged rodents.
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Previous studies have suggested that insulin/insulin-like growth factor-1 (IGF-1) signaling is important in regulating life span. 4 The p100␣ isoform of phosphoinositide 3-kinase (PI3K) is an important downstream effector of insulin/IGF-1 signaling, and hypofunction of PI3K causes life span extension in Caenorhabditis elegans. Although the importance of insulin/IGF-1 signaling in the regulation of organismal life span appears to be established, the mechanism of the manner in which the signal works remains to be elucidated. First, downstream effectors of insulin receptor in life span regulation are less clear. Increase of stress resistance by FOXO-mediated transcriptional modification 5 and improved protein quality homeostasis by enhanced autophagy are involved in life span extension caused by reduction of insulin/IGF-1 signaling in C elegans. 6 Second, it remains to be clarified whether insulin/IGF-1 signaling of a specific organ is important or the pathway modifies aging of cells or tissues in an autonomous manner. Reduction of insulin signaling specifically in adipocytes or neuronal cells extends life span, suggesting that insulin/IGF-1 signaling of specific organs is important and may regulate life span, at least in part, in an endocrine manner. 4 On the other hand, suppression of insulin/ IGF-1 signaling in a heart-specific manner prevents the agedependent decline of heart function in Drosophila, 7 indicating that insulin/IGF-1 signaling also regulates aging of individual organs. However, whether suppression of insulin/IGF-1 signaling prevents the aging process in cells or organs remains to be tested in mammals. Furthermore, the mechanism by which insulin/IGF-1 signaling regulates the aging of organs has not been pursued in the fly study. 7 The objectives of this study were to characterize the aging process in murine hearts, to test whether suppression of PI3K modifies cardiac aging, and to examine the mechanism downstream of PI3K.
Methods
See the online-only Data Supplement for additional details.
Animals
Mutant mice with cardiac-restricted expression of a dominantnegative PI3K (dnPI3K) were generated on the FVB background as described previously. 8 The dnPI3K molecule is a catalytic domain of class 1A PI3K (p110␣) lacking kinase activity. dnPI3K mice and nontransgenic (NTg) littermates at 3 months old and 20 to 24 months old were euthanized without fasting and analyzed. All animal experiments and methods were approved by the Animal Care and Use Committees of Kitasato University School of Medicine and Kyoto University Graduate School of Medicine.
Microarray Analysis
Target RNA was hybridized on a GeneChip Mouse Genome 430 2.0 array (Affymetrix, Inc, Santa Clara, Calif) at the Research Center for Advanced Science and Technology, University of Tokyo. Details of the data analysis are described in Methods in the online-only Data Supplement. The microarray data have been deposited in the Center for Information Biology Gene Expression Database repository under accession No. CBX72.
Statistical Analysis
All data are expressed as meanϮSEM. Survival was analyzed by the standard Kaplan-Meier method with the log-rank test. For the analysis of hemodynamic data, 2-way repeated-measures ANOVA was used to test the differences between groups in the response to dobutamine. P values were corrected for the number of comparisons (nϭ4) according to the Bonferroni method. One-way ANOVA was used to analyze the effects of rapamycin or chloroquine. Other data were analyzed with a 2-way ANOVA, and various groups were analyzed with post hoc comparisons with the Tukey-Kramer test when a significant interaction of age and genotype was documented. A value of PϽ0.05 was considered significant.
Results

Survival of dnPI3K Mice
We examined the survival of transgenic dnPI3K and NTg littermates up to 20 months of age ( Figure 1A ) because the prevalence of tumors, particularly in the lung, started to increase from that age in the strain we used. 9 Thus, this study did not examine the life span of animals. Time to death was shorter for NTg mice than for dnPI3K mice in the first 20 months.
Cardiac Function Was Preserved in Old dnPI3K Transgenic Mice
On echocardiographic examination, fractional shortening did not differ between young and old NTg mice at rest (Table I in the online-only Data Supplement). In humans, systolic function of the heart at rest is preserved in old age, whereas the increase of cardiac function in response to exercise, namely, cardiac functional reserve, declines with aging. 1 To measure the cardiac functional reserve, we analyzed cardiac function using cardiac catheterization under dobutamine infusion ( Figure 1B and Table  II in the online-only Data Supplement). The response of maximum dP/dt to dobutamine was significantly blunted in old NTg mice compared with young NTg mice. The response of maximum dP/dt was impaired in young dnPI3K mice compared with young NTg mice. However, the response of maximum dP/dt of old dnPI3K mice was better than that of old NTg mice. Thus, the cardiac functional reserve of young dnPI3K mice was impaired, but old dnPI3K mice had a better cardiac functional reserve than old NTg mice. The finding appeared to be consistent with a recent report that cardiac function was impaired in young Little mice, but cardiac function of aged Little mice was better than that of aged wild-type mice. 10 Little mice have a mutated growth hormone-releasing hormone receptor gene, and life span is extended and body size is smaller compared with wild-type mice.
Pathological Examination of Old dnPI3K Mice
Heart weight normalized to tibial length increased by 24% with aging in NTg mice ( Figure 1C and Table III in the online-only Data Supplement). The heart weight normalized to tibial length of dnPI3K mice was less than that of NTg mice at both ages. Cell area increased by 23% in old NTg mice compared with young NTg mice ( Figure 1D and Figure  I in the online-only Data Supplement). The cell area of dnPI3K mice was smaller than that of NTg mice at both ages. Myocardial fibrosis increased in old NTg mice, but the fibrotic area was decreased by 64% in old dnPI3K mice compared with old NTg mice ( Figure 1E ). Because an increase of apoptosis is reported to be associated with aging, 11 we examined apoptosis in the myocardium using the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) method. Very few TUNEL-positive cells were detected in old NTg or dnPI3K mice (data not shown).
Expression of Senescence Markers Decreased in dnPI3K Mice
Cellular senescence is a well-characterized model of aging. Cellular senescence is associated with typical phenotypic changes such as an increase in senescence-associated ␤-galactosidase (SA ␤-gal) activity, cell cycle inhibitors, and proinflammatory cytokines. Some of the phenotypic alterations have also been observed in animal tissues. 12 The number of cells positive for SA ␤-gal activity increased by 7-fold with aging in NTg mice ( Figure 2A ). Both cardiac myocytes and nonmyocytes were positive for SA ␤-gal. SA ␤-gal-positive cells decreased in old dnPI3K mice compared with old NTg mice. Because cellular senescence is shown to involve secreted factors, a manipulation to regulate aging of cardiac myocytes might affect aging of surrounding cells. 13 Among the cell cycle inhibitors, p16 mRNA and protein levels increased with aging in NTg mice and decreased in old dnPI3K mice compared with old NTg mice ( Figure 2B and 2C). The age-associated increase in p16 and p19 mRNA, but not in p21 and p53 mRNA, was consistent with a previous report. 14 Levels of proinflammatory molecules plasminogen activator inhibitor 1, tumor necrosis factor-␣, and interleukin-1␤ increased with aging in NTg mice and were decreased in old dnPI3K mice compared with old NTg mice ( Figure 2D ). Thus, several markers of cellular senescence were increased in old mice hearts, and suppression of PI3K attenuated the expression of senescence markers.
To evaluate whether suppression of senescence markers in dnPI3K mice was cardiac specific, the expression of several markers of senescence was examined in the lung. p16, p19, p21, tumor necrosis factor-␣, and interleukin-1␤ mRNAs increased with aging in NTg mice, but no difference was found between old NTg mice and old dnPI3K mice ( Figure 2E ).
Large Amount of Lipofuscin Accumulated in Aged Heart
Lipofuscin is defined as an autofluorescent, nondegradable, and polymeric substance composed primarily of cross-linked protein and lipid residues. Lipofuscin is thought to be generated from damaged protein. Postmitotic cells such as cardiac myocytes and neurons accumulate a large amount of lipofuscin in old age. 3 On examination of tissue sections, lipofuscin autofluorescence was rarely observed in the myocardium of young NTg mice or young dnPI3K mice, whereas a large amount of lipofuscin was observed in old NTg mice, and less lipofuscin was observed in old dnPI3K mice than in old NTg mice ( Figure 3A) . The chloroform-methanol extract of aged heart tissues showed a broad spectrum of fluorescence. The fluorescence was increased in old NTg mice compared with young NTg mice and was weaker in old dnPI3K mice than in old NTg mice ( Figure 3B ).
Age-Associated Change of Cardiac Gene Expression Profile Was Prevented in dnPI3K Mice
To determine the changes of gene expression associated with cardiac aging and the effect of dnPI3K expression on the changes, the gene expression profile of heart tissue was analyzed with the use of whole-genome microarrays (6 hearts for each group). In old NTg mice, 424 transcripts (1.2% of the 35 902 transcripts examined) changed significantly compared with young NTg mice: 97 transcripts were upregulated, and 327 transcripts were downregulated (Microarray Data I and II in the online-only Data Supplement). To examine the biological significance of the gene expression profiling, microarray data were subjected to a parametric analysis of gene set A, Survival curve of male and female NTg and dnPI3K mice. #PϽ0.05 vs NTg mice. B, Cardiac functional reserve was examined with the use of cardiac catheterization with graded dobutamine infusion (nϭ10 for each group). Cardiac function was preserved in old dnPI3K mice. Max indicates maximum; min, minimum. *PϽ0.05, interaction of dobutamine doses and differences between young and old mice of the same genotype; #PϽ0.05, interaction of dobutamine doses and differences between NTg and dnPI3K mice of the same age. C, The heart weight of dnPI3K mice was lower at both ages (nϭ10 for each group). HW/TL indicates heart weight normalized to tibial length. D, Cross-sectional area of the cardiac myocytes was smaller in dnPI3K mice at both ages. Mean value of young NTg mice was defined as 1 unit (nϭ9 for each group). E, The percent area of myocardial fibrosis was examined by Masson trichrome staining. The age-associated increase in myocardial fibrosis was decreased in dnPI3K mice (nϭ9 for each group). Barsϭ100 m. Values are meanϮSEM. *PϽ0.05 vs younger mice of the same genotype; #PϽ0.05 vs NTg mice of the same age. enrichment (PAGE), a computational method that determines differences between pathways with the use of predefined gene sets. PAGE indicated that 75 pathways were significantly altered between young and old NTg mice (Figure 4 ; see Microarray Data III in the online-only Data Supplement for a complete list). Then microarray data for old dnPI3K mice were compared with those for old NTg mice by PAGE. Of interest, lifelong expression of the dnPI3K transgene opposed the age-associated change of gene expression in 60 of 75 pathways. Thus, comprehensive gene expression profiling, without the use of known markers of aging, clearly showed that suppression of PI3K attenuated cardiac aging. In particular, the expression of genes involved in protein homeostasis, such as protein folding and ubiquitin cycle, decreased with aging. The dysregulation of genes involved in protein homeostasis was associated with accumulation of ubiquitinated protein in aged heart ( Figure IIA and IIB in the online-only Data Supplement).
Autophagy in dnPI3K Mice
Autophagy is another evolutionarily conserved system for bulk protein degradation and recycling of cytoplasmic components, thereby maintaining cellular homeostasis. 15 The expression of several autophagy-related genes was examined with the use of quantitative reverse transcription polymerase chain reaction (RT-PCR) because autophagy-related genes were not included in the gene set used in PAGE. The expression of autophagy-related genes was not different between young and old NTg mice ( Figure 5A ). The expression of the autophagy-related genes increased significantly in dnPI3K mice.
Autophagy involves formation of a cup-shaped doublemembrane structure, followed by sequestration or engulfment of protein aggregates and intracellular organelles in doublemembrane vacuoles called autophagosomes. Maturation occurs on fusion with lysosomes to generate autophagolysosomes. Microtubule-associated protein light chain 3 (LC3) is a ubiquitin-like protein that can be conjugated to phosphatidylethanolamine, and the conjugated form (LC3-II) is localized to autophagosome. The amount of LC3-II is known to correlate with the number of autophagosomes. 16 Autophagic activity is represented by the flux of autophagosome, and 1 way to estimate the flux is to compare LC3-II levels in the presence of a lysosomal protease inhibitor, such as chloroquine. 17 The protein level of LC3-II did not change between young NTg and old NTg mice, which is consistent with a previous report 18 ( Figure 5B). The protein level of LC3-II increased in dnPI3K compared with NTg mice at both ages. To compare the autophagic activity between young NTg mice and young dnPI3K mice, hearts were harvested from young NTg mice or young dnPI3K mice treated with saline or chloroquine. LC3-II of chloroquine-treated NTg mice was increased compared with that of saline-treated NTg mice, suggesting that chloroquine interrupted autophagic flux downstream of autophagosome formation. Under inhibition of lysosomal function by chloroquine, the LC3-II level of dnPI3K mice was higher than that of NTg mice, suggesting that autophagic flux was increased in dnPI3K mice ( Figure 5C ).
Detoxification System in dnPI3K Mice
On the microarray analysis, the gene expression of phase 1 and phase 2 detoxification enzymes increased with aging, and the increases were attenuated in old dnPI3K mice ( Figure  6A ). The amount of glutathione S-transferase (GST) ␣2, a representative detoxification enzyme, increased with aging, and the increase was attenuated in dnPI3K mice (Figure 6B and 6C). The increase of detoxification enzymes is likely to be an adaptive response to damaged proteins because detoxifying enzymes increase in autophagy-deficient animals. 19 
Expression of Molecules Related to Protein Synthesis in dnPI3K Mice
Protein synthesis is implicated in aging, and decreased functioning of eukaryotic initiation factor-4E or ribosomal S6 kinase extends the life span of C elegans. 20, 21 Eukaryotic initiation factor-4E mRNA was decreased in dnPI3K mice ( Figure IIIA in the online-only Data Supplement). The phosphorylation of ribosomal S6 protein, an important positive regulator of protein synthesis, was also decreased in dnPI3K mice at both ages ( Figure IIIB in the online-only Data Supplement).
Oxidative Stress in Aged Heart
Another mechanism that may be involved in cardiac aging is oxidative stress because oxidative stress is hypothesized to be important in life span regulation. 22 The amount of 4-hydroxy-2,3-nonetal-modified proteins increased with aging, and the increase was attenuated in dnPI3K mice ( Figure IVA 
Effect of Rapamycin on Markers of Cardiac Aging
Because a finding from a single transgenic allele may not represent a function of PI3K in cardiac aging, rapamycin was administered to 12-month-old mice for 8 weeks, and markers of cardiac aging were analyzed. Rapamycin is a specific inhibitor of target of rapamycin, which is an important downstream target of PI3K. Lipofuscin and GST␣2 expression were measured as markers of aging because they showed the largest changes between young and old NTg mice, and impaired protein homeostasis was a characteristic of aged heart.
The amount of lipofuscin increased by 1.2-fold in 8 weeks in the vehicle-treated group, and rapamycin attenuated the increase by 68% ( Figure VA in the online-only Data Supplement). GST␣2 mRNA increased by 1.3-fold in the vehicletreated group compared with the pretreatment group, and rapamycin prevented the increase of GST␣2 mRNA ( Figure  VB in the online-only Data Supplement). An injection of rapamycin increased LC3-II protein, and the increase was augmented by chloroquine, indicating that rapamycin en- To examine whether autophagy is involved in lipofuscin formation, chloroquine was administered to 10-month-old mice for 8 weeks. Administration of chloroquine increased lipofuscin content and augmented the increase of GST␣2 mRNA ( Figure  VC and VD in the online-only Data Supplement).
Discussion
This study showed that PI3K regulated aging of an individual organ in a cell-autonomous manner in mammals, which is consistent with a previous study that showed that heartspecific inhibition of insulin/IGF-1 signaling prevented an age-associated decline of heart function in Drosophila. 7 In addition, we examined the mechanisms of the manner in which PI3K modified cardiac aging. Autophagy is essential for life span extension of daf-2 mutant. 6 A molecular mechanism underlying the increased life span of the long-lived daf-2 mutant of C elegans is increased resistance to oxidative stress. 5, 23 Indeed, autophagy appeared to be enhanced and oxidative stress was decreased in dnPI3K mice, suggesting that these 2 mechanisms may mediate the effect of PI3K in regulating cardiac aging. However, whether PI3K-induced prevention of cardiac aging is dependent on autophagy or oxidative stress needs to be determined in future studies. In addition to oxidative stress and autophagy, expression of several molecules related to aging changed in heart tissue of dnPI3K mice. Eukaryotic initiation factor-4E mRNA and S6 phosphorylation decreased in dnPI3K mice, and reduced protein synthesis prolonged the life span of C elegans. 20, 21 Mutant mice with impaired protein homeostasis showed a premature aging phenotype. 24 p53 protein decreased in dnPI3K mice, and partial activation of p53 induced premature organismal aging. 25 Inflammatory cytokines were decreased in dnPI3K hearts, and a causal role of inflammatory cytokines in cell senescence was reported. 26 Although biochemical and genetic links between PI3K and these aging-related molecules in heart need to be examined in future studies, PI3K is likely to play a critical role in cardiac aging by regulating these multiple downstream effectors in a cell-or organautonomous manner.
Up to the age of 20 months, the survival of dnPI3K mice was better than that of NTg mice. The mechanism by which dnPI3K transgene expression in the heart improves survival is not clear because the cause of death was unknown. However, several studies suggest that modifications of cardiac aging affect the life span of mice. For example, overexpression of metallothionein in a heart-specific manner or of mitochon- drial catalase, predominantly in heart and skeletal muscle, extends life span. 27, 28 Deletion of the adenylate cyclase gene extends life span and is associated with improved cardiac function. 29 In addition, age-associated changes of heart predicted survival in a mouse longevity cohort. 30 In contrast, cardiac-specific modulation of insulin/IGF-1 signaling did not affect the life span of Drosophila. 7 Flies have a welldeveloped trachea system that can compensate for impaired function of the circulatory system. We observed the survival of mice up to 20 months of age because the prevalence of tumors, particularly in the lung, started to increase from that age in the strain we used. 9 Extended observation, until all of the mice had died, might change the effect of cardiacrestricted expression of dnPI3K on survival. Further study with the use of less cancer-prone animals is needed to examine whether the suppression of PI3K in the heart extends life span.
Overexpression of IGF-1 in heart induces cardiac pathology in old mice, 31 indicating that activation of PI3K may accelerate cardiac aging. In contrast, in another report, overexpression of IGF-1 improved myocyte survival and preserved cardiac function of old mice. 32 Although the latter report does not appear to be compatible with the findings of the present study, we think that these results are not necessarily exclusive. We reported previously that constitutive activation of PI3K is sufficient to protect heart against acute pressure overload. 33 Because activation of insulin signaling is protective against stress, lifelong activation might protect cardiac myocytes by a different mechanism in an appropriate level of activation.
The age-dependent accumulation of lipofuscin in heart is one of the most consistent features of aging across species of mammals. 3 The mechanism by which lipofuscin accumulates is currently unclear, but impaired protein homeostasis and reactive oxygen species are suggested to be involved. 34 In the present study, a decrease of lipofuscin in dnPI3K mice was associated with improved protein homeostasis and reduced levels of reactive oxygen species. Although the biological effect of lipofuscin on cellular functions is not clear, recent evidence indicates that lipofuscin overload may disturb cellular functions and cause progression of diseases. 35 Deleterious effects of lipofuscin on cardiac cellular function, such as the induction of cell death and inhibition of mitochondrial function, have been shown. 36 In addition, accumulation of protein aggregates leads to cardiomyopathy in humans and mice. 37, 38 Thus, lipofuscin may account in part for the cardiac dysfunction in aged mice, and a decrease in lipofuscin may preserve cardiac function in old dnPI3K mice.
Autophagy has been implicated in the development of heart failure. Autophagy is classified as stress-induced autophagy and basal constitutive autophagy. 15 Autophagy is increased in animal models of ischemia/reperfusion 39 and pressure overload. 40, 41 The role of autophagy under stressed conditions is yet to be elucidated, and whether the stimulation of autophagy is beneficial or pathological is controversial. On the other hand, under baseline conditions, autophagy seems to have a housekeeping role in the turnover of cytoplasmic constituents, as demonstrated by the finding that a reduction in autophagy caused by the cardiac-specific deletion of autophagy-related protein 5 (Atg5), a protein required for autophagy, in adult mice led to cardiac dysfunction. 40 The present study showed that enhancement of autophagy in dnPI3K mice was associated with preservation of cardiac function in aged animals.
Cardiac function of young dnPI3K mice under dobutamine infusion was impaired, but the cardiac function of old dnPI3K mice was better than that of old NTg mice in this study. Impaired cardiac function of young dnPI3K under dobutamine infusion may be due to decreased mitochondrial function of heart in this transgenic mouse line. 42 It is not clear why cardiac function under dobutamine infusion was better in old dnPI3K mice than in old NTg mice. It is likely that prevention of the aging process through multiple mechanisms by inhibition of PI3K attenuated the age-associated decline of cardiac function.
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